Abstract. Expression of AP-1 proteins has been associated with a more aggressive clinical outcome in prostate cancer. However, their role and regulation by upstream kinase pathways in response to ionizing radiation has remained elusive. Here, we show that constitutive AP-1 activity in prostate cancer cells is dependent on the activities of EGF-R and PI3K. While inhibition of EGF-R is associated with suppression of c-Jun expression and proliferation, inhibition of PI3K pathway suppresses expression of several AP-1 subunits and proliferation, and also sensitizes prostate cancer cells to Á-radiation. The importance of AP-1 as a mediator of proliferation and radiation responses is demonstrated by the findings that the expression of JunD, Fra-1 and Fra-2 siRNAs in prostate cancer cells suppress these cellular responses. Together, the findings show that AP-1 activity in prostate cancer cells mediates EGF-R and PI3K signalling, is essential for their proliferation, and confers protection against radiationinduced cell death. Thus, its inhibition would be a lucrative target for therapy in this widely increasing cancer type.
Introduction
Radiotherapy is the basis in managing early-stage or inoperable locally advanced prostate cancer. Recent innovations in three-dimensional conformal and intensity-modulated radiation therapy have allowed for maximal delivery of radiation to target volume while limiting toxicity (1, 2) . Finding agents that sensitize malignant cells to radiation would further increase tumor response and minimize toxicity to surrounding organs, as effective therapeutic doses could be lowered.
One emerging candidate in modulating the radiation responses in prostate cancer is signaling mediated through the epidermal growth factor receptor (EGF-R). Increased EGF-R expression is often seen in prostate cancer and is associated with poor prognosis (3, 4) . The activation of EGF-R triggers a complex network of downstream cellular pathways, modulating different cellular responses (5) . According to in vitro studies, the activation of EGF-R signaling contributes notably to cell proliferation, survival and invasion of prostate cells. Furthermore, the blocking of EGF-R signaling by a selective EGF-R inhibitor, such as gefitinib, leads to growth inhibition and apoptosis of prostate cancer cells (6) (7) (8) .
However, clinical data demonstrate that not all patients respond to the inhibitor, indicating the existence of intrinsic or de novo resistance to the drug, and activation of alternative signaling pathways (9, 10) .
PI3K/Akt pathway is one of the major pathways mediating EGF-R signalling, and also a mediator of resistance to EGF-R (9, 11) . Its constitutive activity has been implicated in many human cancers, including the prostate (12) . This EGF-Rindependent activity is caused by mutations in the negative regulator of this pathway, PTEN, especially in the more advanced and aggressive forms of the disease (12, 13) . Consequently, many prostate cancers have high levels of Akt activity.
Recently, data have been emerging to show a link between constitutive Akt activity and resistance to radiation in several cancer types. In prostate cancer cells, for example, inhibition of the PI3K/Akt pathway causes a decrease in survival after radiation (14) . Importantly, the ability of LY294002 to act as a radiosensitizer is due to inhibition of Akt, and not an effect of this drug on other proteins.
Despite the advances in studying EGF-R-and PI3K-mediated signalling in prostate cancer cells, less information is available on the nuclear target molecules that mediate the biological effects of the pathways. Putative mediators of EGF-R signalling include signal inducible transcription factors, such as the activator protein-1 (AP-1). AP-1 is a dimeric protein complex composed of different Jun (c-Jun, JunB and JunD) and Fos (c-Fos, Fra-1, Fra-2 and FosB) subunits (15 (16) . However, other regulatory pathways, such as PI3K are also involved (17, 18) . Interestingly, expression of AP-1 proteins has been recently associated with a more aggressive clinical outcome in prostate cancer (19) . In the present study, we sought for the molecular mechanisms behind this, and found that AP-1 is a mediator of EGF-R and PI3K signalling during prostate cancer cell growth and radioresistance.
Materials and methods
Cell culture. Prostate cancer cell lines PC-3 and DU-145 were purchased from the American Type Culture Collection (ATCC; Manassas, VA). PC-3 cells were cultured in a humidified 5% CO 2 atmosphere at 37˚C in F-12 medium supplemented with 7% fetal calf serum (FCS), 2 mM glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin. DU-145 cells were grown in RPMI-1640 supplemented with 10% FCS 2 mM glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin. Chemical inhibitors for EGF-R [ZD1839 (gefinitib) used at 10 μM; Astra Zeneca, Cheshire, UK], PI3K (LY294002, used at 10 or 25 μM; Calbiochem, La Jolla, CA) and MEK (PD98059, used at 20 μM; Calbiochem) were added 12 h prior to radiation treatment.
Irradiation and colony forming assays. For clonogenic survival assays, cells were plated and allowed to attach overnight. The next day, cells were irradiated with a linear accelerator to a total of dose of 2, 4, or 8 Gy. The irradiation was performed with the Varian Clinac 600C/D linear accelerator (Varian Medical Systems Inc.; Palo Alto, CA) using a 6-MV photon beam, and the dose rate of 4 Gy/min. Six hours after irradiation, cells were trypsinized, replated onto 3 cm dishes, and allowed to grow. In the experiments testing the radiosensitizing effects of EGF-R, MEK and PI3 kinase inhibitors, inhibitor treatment was initiated 12 h before irradiation, and stopped before replating. After 8 days, colonies were fixed with 2% PFA, stained with 0.5% crystal violet in ethanol and counted (>20 cells). The statistical significance of differences seen in proliferation assays was analyzed using student's t-test. All p-values were two-tailed.
Analysis of proliferation.
The cells were plated and allowed to grow overnight. The next day, they were trypsinized, replated onto 3 cm dishes in triplicates, and allowed to form colonies. In the experiments testing the short-term antiproliferative effects of EGF-R, MEK and PI3K inhibitors, inhibitor treatment was initiated after cell attachment, and stopped before replating, whereas in experiments testing the long-term effects of kinase inhibitors, treatment was reinitiated after efficient attachment of cells, and continued throughout the experiment. After 8 days, the samples were processed as described above. Alternatively, the cells were plated at a density of 50,000 cells/60-mm diameter well in duplicates and cultured for 3-7 days. In the experiments testing the growth inhibitory effect of kinase inhibitors, inhibitor treatment was initiated after efficient attachment of cells, and continued throughout the experiment. Cell number was determined after trypsinization using Burker chamber and light microscopy. (20).
Gel mobility-shift assay. The cells were harvested and DNAbinding activity analyzed using oligonucleotide probe containing the 'consensus' AP-1 site as previously described (21) .
Plasmids, siRNAs, transfections and luciferase assays.
For transactivation studies, duplicates of 60-mm diameter plates containing 50,000 cells were transfected with Luciferase reporter constructs for AP-1 (AP-1-Luc; Clontech, Mountain View, CA) using Lipofectamine 2000 reagent (Invitrogen). After 24 h the cells were collected and analyzed with Luciferase assay according to manufacturer's instructions (Promega). The activity of AP-1 reporter was normalized to the protein concentration. For siRNA studies, PC-3 cells were transfected with cJun, Fra-2 (Proligo, Sigma), JunD, Fra-1, or siCONTROL (Dharmacon, Lafayette, CO) siRNAs (33 nmol) using Lipofectamin 2000 transfection reagent according to manufacturer's instructions (Invitrogen). Twenty-four hours after transfection, the cells were exposed to Á-irradation, and/or processed for further analyses.
Results

Radiosensitivity and proliferation of prostate cancer cells.
To address cellular and molecular effects of EGF-R and their dependence on PI3K and MAPK pathway in prostate cancer, we performed experiments in PC-3 (PTEN-negative) and DU-145 (PTEN-positive) prostate cancer cell lines. Initially, PC-3 and DU-145 cells were exposed to specific EGF-R, PI3K and MEK inhibitors, and analyzed for proliferation and radiation responses. The function of the inhibitors was confirmed on immunoblots using antibodies specific for the phosphorylated forms of EGF-R on tyrosine 1073, ERK and Akt (Figs. 1A and B). The EGF-R inhibitor (ZD) partially prevented ERK and Akt phosphorylation, whereas MEK inhibitor (PD) specifically suppressed ERK activity. PI3K inhibitor (LY) in turn, not only fully prevented Akt phosphorylation, but was also able to suppress EGF-R and ERK phosphorylation. This suppression is likely to be caused by inhibition of mTOR mediated global protein synthesis (22) .
To address the effects of inhibitors on radiation-induced cell killing, PC-3 cells were pretreated with inhibitors for 12 h, irradiated with 2, 4, or 8 Gy absorbed dose and after 6 h plated for colony forming assay in the absence of inhibitors (Fig. 1C) . Consistent with studies in LNCaP prostate cancer cells (14) , exposure to PI3K inhibitor (LY) sensitized PC-3 cells to radiation in a dose-dependent manner. In contrast, exposure to EGF-R inhibitor (ZD) neither protected nor sensitized PC-3 cells to radiation. The lack of EGF-R-inhibitor response was not due to lack of PTEN activity resulting in constitutively active PI3K/Akt pathway, since similar results were obtained with DU-145 cells, which have intact PTEN (Fig. 1D) . Furthermore, exposure of PC-3 or DU-145 cells to EGF-R inhibitor (ZD) had no effect on colony formation.
Next, we analyzed the short-and long-term effects of the inhibitors on proliferation in the absence of radiation. PC-3 cells were pretreated with inhibitors for 18 h, and plated for colony forming assay in the absence (short-term exposure) or in the presence (continuous treatment) of inhibitors. As shown in Fig. 2A , EGF-R inhibitor, which caused no growth inhibition after short exposure, precipitated 60% decrease in colony formation when followed for 8 days in culture. The anti-proliferative effects of PI3K inhibitor were already observed after short exposure and were further enhanced Protein lysates were prepared and total proteins (75 μg) subjected to SDS-PAGE and immunoblotting using antibodies against phosphorylated EGF-R, Akt and Erk1/2. Total ERK1/2 was used as a loading control. (C) Clonogenic survival of the PC-3 cells. Untreated, control (C) or kinase inhibitor (ZD specific for EGF-R, PD for MEK, and LY for PI3K) pretreated PC-3 cells were exposed to radiation (2, 4, or 8 Gy). After 6 h, equal amount of cells were plated onto 6-well plates for clonogenic survival assay. After 8 days cell colonies were fixed, stained with crystal violet and counted. Data are the mean ± SD of three parallel samples. Statistically significant differences from values for control cells are indicated as follows: *, p<0.05; **, p<0.01; ***, p<0.005. Note that ZD and PD treated PC-3 samples overlay completely the controls. (D) Clonogenic survival of DU-145 cells. Untreated, control (C) or kinase inhibitor (ZD specific for EGF-R, PD for MEK, and LY for PI3K) pretreated DU-145 cells were exposed to radiation (4 Gy), and processed for clonogenic survival assay as in panel C. Data are the mean ± standard errors of three separate experiments. Statistically significant differences from values for controls (C) are indicated with ***, p<0.005.
with continuous treatment (Fig. 2A) . Similar results were obtained when PC-3 or DU-145 cells were detached after the treatments and counted separately (Fig. 2B) . Together with the findings in Figs. 1C and D , the results provide evidence that EGF-R activity is required for proliferation, whereas PI3K also regulates sensitivity to radiation independently of EGF-R function. In comparison, MEK inhibitor (PD) affected neither radiosensitivity nor proliferation, indicating that MAPK pathway was dispensable for either cell responses (Figs. 1C and D, and 2A) .
Cell-cycle progression and apoptosis. To identify the molecular mechanism involved in radiosensitization, cellcycle distribution was analyzed. PC-3 and DU-145 cells were treated with inhibitors, irradiated and monitored over a period of 24 h by DNA staining with propidium iodide and FACS analysis. As shown in Fig. 2C , radiation caused a G2 arrest with concomitant decrease of cells in G1 phase. When the cells were treated with the PI3K inhibitor, the number of cells arrested in G2 further increased. In contrast, no clear effect was noted either with the EGF-R or the MEK inhibitors. In the absence of radiation, neither EGF-R nor MEK inhibitors influenced the cell-cycle distribution, whereas treatment with the PI3K inhibitor led to a G1 arrest with a simultaneous decrease in cells in G2 and S phases.
The relative contribution of apoptosis to decreased cell growth and colony formation in response to the EGF-R and PI3K inhibitors and radiation was measured with an Annexin V flow cytometry apoptosis assay. Fig. 2D shows that apoptosis was not upregulated in response to radiation alone. The most prominent increase in apoptosis was obtained with the PI3K inhibitor both in the control and the irradiated cells. The EGF-R inhibitor doubled the apoptotic rate in the absence of radiation. However, no additive apoptotic effect was seen after combining the PI3K or EGF-R inhibitor with radiation. The MEK inhibition had no effect on apoptosis.
Expression and activity of AP-1 subunits in prostate cancer cells.
It is well established that EGF-R mediates signalling via PI3K and MAPK pathways and that the transcription factor AP-1 is the potential target to mediate the biological effects of these pathways (5, 11, 17, 18, 20) . To identify the dependence of AP-1 activity on EGF-R, PI3K and MAPK signalling, and its possible regulatory function in prostate cancer cell growth and radiosensitivity, the PC-3 and DU-145 cells were cultured in the presence of EGF-R, PI3K and MEK inhibitors, and analyzed for the expression and activity of Jun and Fos proteins. As shown in Fig. 3 , all Jun and Fos subunits were constitutively expressed both in the PC-3 and DU-145 cells. Blocking the PC-3 cells with the PI3K resulted in a decrease in the expression of all the other AP-1 subunits except JunB. The levels of c-Fos and Fra-1 were most prominently suppressed. The MEK inhibitor in turn suppressed c-Fos levels strongly and Fra-2 levels only faintly. Likewise, the EGF-R inhibitor prevented the expression of c-Jun, Fra-1 and Fra-2 only slightly. The weak inhibitory effect of the EGF-R blockade was not caused by PTEN deficiency, since similar data was obtained in DU-145 cells, which have wildtype PTEN (Fig. 3B) . The results suggest that the PI3K pathway functions as an essential regulator of Jun and Fos expression in the prostate cancer cells, whereas the role of EGF-R and MEK kinases might be less important.
To examine the AP-1 DNA-binding activity of the PC-3 and DU-145 cells, a gel mobility shift assay was performed. As shown in Fig. 4A , a strong constitutive AP-1 DNAbinding activity was observed in both cell lines. Consistent with the protein data in Fig. 3 , the EGF-R and PI3K inhibitors prominently inhibited the AP-1 DNA-binding activity, while the MEK inhibitor had only a modest suppressive effect on DNA-binding.
The composition of the active AP-1 DNA-binding complex was determined using antibody perturbation assays. The PC-3 cell extracts were incubated with antibodies against the different Fos and Jun proteins and thereafter subjected to gel mobility shift analysis. Fig. 4B shows that Fra-1 and Fra-2 were the Fos-family subunits in the DNA-protein complex. All the Jun proteins were present in the DNA-binding complex, whereas antibodies against c-Fos, FosB and ATF-2 did not have any effect on complex formation. Similar results were obtained from the DU-145 cells.
To test whether the inhibitor-mediated decrease in AP-1 DNA-binding activity had functional consequences for the prostate cancer cells, we analyzed the AP-1 transactivation capacity. As shown in Fig. 4C , transcriptionally active AP-1 complexes were present in the normally proliferating PC-3 and DU-145 cells, and all inhibitors were able to suppress the promoter activities in transfected cells. Again, the most prominent inhibition was observed with the PI3K blockade.
Fra-1, Fra-2 and JunD subunits are required for proliferation and resistance to radiation. Having demonstrated that AP-1 is constitutively active, and regulated particularly by PI3K, we assessed the function of AP-1 subunits in the PC-3 cells separately. According to the data described above, the most likely AP-1 components mediating PI3K-dependent cellular responses were Fra-1, Fra-2 and JunD. To test their functional role in the PC-3 cells, we analyzed proliferation and radiosensitivity of the PC-3 cells after knocking down the expression of Fra-1, Fra-2 and JunD with siRNAs. Based on previous studies showing that deletion of c-Jun can prevent proliferation (23), c-Jun siRNA was chosen as the positive control, whereas siCONTROL siRNA served as a negative control. The cells were transfected with siRNAs together with EGFP Spectrin, and analyzed for the expression of c-Jun, JunD, Fra-1 and Fra-2 proteins by immunoblotting. The analysis verified a marked downregulation of the corresponding AP-1 subunits in comparison to the PC-3 cells transfected with only the control siRNAs (Fig. 5A) .
When the PC-3 cells were irradiated with 4 Gy, approximately 25% of the cells survived. Transfection of JunD, Fra-1 and Fra-2 siRNAs into the PC-3 cells further sensitized them to irradiation by reducing the colony formation to 36, 58 and 78%, respectively, as compared to control (C) and c-Jun siRNAs (Fig. 5B) . Combination of c-Jun siRNAs with Fra-1 or Fra-2 siRNAs did not further increase radiation-induced killing, in comparison to each siRNAs alone. In contrast, combination of JunD siRNA with Fra-1 or Fra-2 resulted in a greater reduction in colony formation than either siRNA alone. Concomitantly, the proportion of cells arrested in G2/M phase increased (Fig. 5C ). The results demonstrate that JunD, Fra-1 and Fra-2, but not c-Jun are necessary for optimal clonogenic survival of the PC-3 cells.
Transfection of JunD, Fra-1 and Fra-2 siRNAs into normally growing PC-3 cells also reduced their growth rate significantly (Fig. 5D) . In contrast, c-Jun siRNA had no significant effect on the cell proliferation. This together with our previous studies indicates that JunD, Fra-1 and Fra-2 are regulated by the PI3K pathway and are essential for both the radioresistance and proliferation of PC-3 cells.
Discussion
Here we have analyzed how the EGF-R, PI3K and MAPK/ ERK pathways regulate AP-1 subunits during proliferation and radiation response of PC-3 and DU-145 prostate cancer cells. Our results show that both responses require PI3K signalling, which culminates to c-Fos, Fra-1, Fra-2, JunD and c-Jun expression. Of these, c-Fos is not involved in the active DNA-binding complex. We further provide evidence that the PI3K-dependent activation of Fra-1, Fra-2 and JunD is indispensable for radioresistance and growth of PC-3 cells, whereas c-Jun is not required for these responses. The capacity of the AP-1 subunits to promote proliferation and radioresistance is most prominent when JunD is co-expressed with Fra-1 or Fra-2. In comparison to the PI3K pathway, the EGF-R activity is required only for cell proliferation, and MAPK/ERK pathway does not appear to be essential for either response.
The major mediators of the EGF-R-dependent signals are the PI3K/Akt and MAPK/ERK pathways (5, 24) . Because we could suppress the ERK activity without altering cell proliferation and clonogenic survival, our data suggest that the MAPK/ERK pathway plays no role in the growth response of PC-3 or DU-145 cells. Thus, although the EGF-R activity is required for growth, the signaling downstream of EGF-R does not proceed via the conventional mitogenic MEK/ERK kinase cascade. Considering our finding that the PI3K inhibitor suppressed growth and the fact that only a low percentage of the cells underwent active proliferation, the pathways regulating survival (PI3K/Akt pathway) rather than proliferation (MAPK/ERK pathway) are likely to be the key components mediating prostate cancer growth.
Our results further confirm previous observations linking activated Akt with radioresistance of prostate cancer (14) . While blockade of the PI3K decreased Akt activation and sensitized the PC-3 and DU-145 cells to radiation, no such effect was seen with the EGF-R and MEK inhibitors, indicating that the PI3K/Akt function is specific and critical for the radiation response of the PC-3 cells. The inability of EGF-R to confer radioresistance further indicates that radioresistance and proliferation are uncoupled in these cells. However, the data also demonstrate that molecular mechanisms mediating this radioresistance cannot be exclusively explained by defective PTEN function resulting in constitutively active Akt pathway, since the PI3K inhibitor-dependent radiosensitization was also observed in the DU-145 cells, which have no mutations in the PTEN gene. Additional studies are required to determine the Akt-dependent and PTEN-independent mechanism of radioresistance. Because LY294002 is a nonselective PI3K inhibitor and has multiple targets (25), we cannot exclude the possibility that some of the observed effects are partially mediated through inhibition of other kinases. However, the ability of the constitutively active Akt to block LY294002-induced radiosensitization in prostate cancer cells (14) suggests that the decreased survival demonstrated with the PI3K inhibition is a direct consequence of the inactivation of Akt.
In contrast to the consolidated proof concerning Akt function in survival and radioresistance, little is known about the role of AP-1 in mediating these cellular responses. Thus far, the only compelling evidence that Fra-1 is regulated by Akt pathway has been obtained in the PC-3 cells by using a PI3K inhibitor and microarray analyses (18) . Our findings are in agreement with the data and further suggest an essential role for Fra-1 as well as Fra-2 and JunD in the regulation of cell growth. Accordingly, the PC-3 cells, in which the expression of these AP-1 subunits was silenced, had impaired G2 progression. Interestingly, similar effects on the cell cycle distribution have recently been described in human breast and thyroid cancer cell lines (26, 27) . The molecular mechanism mediating the radioprotective effects of Fra-1, Fra-2 and JunD is currently undefined, and additional studies are in progress to precisely define the mechanisms by which their suppression reverses resistance to radiation.
Taken together, our data show that the activation of Fra-1, Fra-2 and JunD contributes to prostate cancer growth and survival after radiation in a PI3K-dependent manner. In contrast, c-Jun activity is associated with neither response. The findings demonstrate that although the AP-1 activity is implicated in various cellular processes, it is not the activity itself but rather the composition of the subunits, which contributes to the final outcome.
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